INTRODUCTION
============

Dendritic cells (DCs) are professional antigen-presenting cells (APCs) involved in capture, processing, and presentation of antigens to T-cells [@B001]. Mature stimulated DCs initiate immune and inflammatory responses, but immature DCs in the absence of appropriate stimulation lead to tolerance. Thus, DCs determine the balance between immunity and tolerance. [@B002]. A representative mechanism that contributes to this tolerance is expression of the immunoregulatory enzyme indoleamine 2, 3-dioxygenase (IDO), which is essential for degrading the amino acid tryptophan (Trp) via the kynurenine pathway [@B002], [@B003]. Tryptophanyl-tRNA synthetase (TTS) is a protector of IDO-induced immune tolerance by blocking IDO-mediated Trp catabolism. TTS is an IFN-γ-inducible enzyme and is constitutively expressed in various cell types [@B004]. TTS is involved in the host-cell protective mechanism against Trp self-starvation [@B005]. TTS catalyzes attachment of Trp to its cognate tRNA molecule, and the resulting Trp-tRNA complex is used for protein synthesis [@B006], [@B007].

Glycogen synthase kinase-3β (GSK-3β) is a multifunctional serine/threonine kinase found in all eukaryotes and was initially identified as a key regulator of insulin-dependent glycogen synthesis [@B008]. In addition, GSK-3β is involved in diverse cellular processes, including proliferation, differentiation, motility, and survival [@B009]. GSK-3β is a key integrator protecting mice against endotoxemia [@B010], [@B011]. Furthermore, dysregulation of GSK-3β has been implicated in tumorigenesis and cancer progression.

Resveratrol (3,5,4'-trihydroxystilbene) is a phytochemical that has a variety of biological and pharmacological activities, such as anti-cancer, anti-inflammatory, and antioxidant effects in various cell types [@B012], [@B013]. We reported previously that resveratrol downregulates lipopolysaccharide (LPS)-induced expression of interleukin (IL)-12 in LPS or IFN-γ-stimulated bone marrow-derived dendritic cells (BMDCs) [@B014], [@B015]. The physiological functions of resveratrol under various conditions are well defined, but the detailed molecular mechanism mediated by resveratrol has not been addressed.

In this study, we showed that resveratrol significantly upregulated TTS as a protective mechanism against IDO-mediated Trp depletion in IFN-γ-stimulated BMDCs. In addition, we showed that resveratrol upregulates TTS by enhancing GSK-3β activity. Furthermore, we found that this GSK-3β-dependent TTS modulation is crucial for naïve CD8^+^ T-cell polarization.

RESULTS
=======

Resveratrol upregulates IFN-γ-induced TTS expression in BMDCs
-------------------------------------------------------------

In a previous study, we found that resveratrol suppresses tumor progression by inhibiting IDO expression [@B015]. TTS mainly functions as a protector against IDO-mediated Trp depletion. TTS catalyzes the attachment of Trp to a specific tRNA, resulting in the formation of a Trp-tRNA complex used for protein synthesis. This series of events protects cells from IDO-mediated Trp depletion [@B005]. Based on the finding that resveratrol inhibits IFN-γ-induced IDO expression, we investigated whether resveratrol affects IFN-γ-mediated TTS expression. TTS was expressed 12-24 h after IFN-γ treatment ([Fig. 1](#F001){ref-type="fig"}A). In addition, TTS expression was significantly higher in resveratrol- and IFN-γ-treated cells than that in IFN-γ-treated cells ([Fig. 1](#F001){ref-type="fig"}B). We also observed IFN-γ-induced hyper-expression of TTS by resveratrol in splenocytes (Supplementary Fig. S1). These results indicate that IFN-γ-induced TTS expression is upregulated by resveratrol.

![Resveratrol upregulates TTS expression in BMDCs. (A), After IFN-γ (100 U/ml) treatment, the cells were harvested at the indicated times. (B), BMDCs were pretreated for 1 h in the absence or presence of resveratrol (25-50 μm) and incubated with IFN-γ (100 U/ml) for 18 h. The protein levels in the cell lysates were analyzed by Western blot analysis using the indicated antibodies. The mean and standard error values shown represent three independent experiments. ^\*^ and ^\*\*\*^ represent significant differences at P ＜ 0.05 and P ＜ 0.001, respectively, compared with unstimulated cultures.](BMB-48-283-g001){#F001}

GSK-3β plays a key role regulating TTS
--------------------------------------

TTS is closely related to IDO and participates in the host-cell protective mechanism against Trp depletion [@B005]. Thus, we investigated the direct regulation between IDO and TTS. IFN-γ- induced TTS expression remained unchanged with or without IDO (Supplementary Fig. S2). Thus, upregulation of TTS by resveratrol appears to be independent of the existence of IDO.

Phosphatidylinositol 3-kinase (PI3K) is crucial for IFN-γ-induced differential regulation of IDO and TTS in mouse microglia cells [@B004]. In that study, inhibiting PI3K reduced IDO expression but enhanced that of TTS in the presence of IFN-γ. Consistent with those findings, we found previously that IFN-γ-induced IDO expression is downregulated by inhibiting PI3K [@B015]. Here, we found that IFN-γ-induced TTS expression was upregulated by inhibiting PI3K using a PI3K-specific inhibitor (LY294002) ([Fig. 2](#F002){ref-type="fig"}A). Next, we investigated whether GSK-3β, a downstream molecule of PI3K, plays an important role upregulating TTS expression. Resveratrol significantly reduced GSK-3β phosphorylation at Ser9, which is the GSK-3β inhibitory phosphorylation site ([Fig. 2](#F002){ref-type="fig"}B). This result indicates that resveratrol potently activates GSK-3β. Next, we investigated the effect of GSK-3β on IFN-γ-induced TTS expression. As shown in [Fig. 2](#F002){ref-type="fig"}C, IFN-γ-induced TTS expression did not increase in response to resveratrol in the presence of a GSK-3 inhibitor (SB415286). We also confirmed this result by immunofluorescence assay (IFA) ([Fig. 2](#F002){ref-type="fig"}D). These results show that GSK-3β activity is crucial for resveratrol-mediated IFN-γ-induced TTS hyper-expression in BMDCs.

![GSK-3β plays a key role regulating TTS. (A), BMDCs were pretreated for 30 min in the absence or presence of a specific PI3K inhibitor (LY294002; 25-50 μm) and incubated with IFN-γ (100 U/ml) for 18 h. The mean and standard error values shown represent two independent experiments. ^\*^ and ^\*\*^ represent significant differences at P ＜ 0.05 and P ＜ 0.01, respectively, compared with unstimulated cultures. (B), BMDCs were preincubated for 1 h in the absence or presence of resveratrol (25-50 μm) and stimulated with IFN-γ (100 U/mL) for 30 min. ^\*\*^ significant difference at P ＜ 0.01, compared with unstimulated cells. The results are representative of two independent experiments. (C), BMDCs were pretreated for 30 min in the presence of a GSK-3 specific inhibitor (SB415286), treated with resveratrol (25-50 μm) for 1 h, and incubated with IFN-γ (100 U/ml) for 18 h. The protein levels in the cell lysates were analyzed by Western blot using the indicated antibodies. The mean and standard error values shown represent two independent experiments. (D), BMDCs were pretreated with or without a GSK-3 inhibitor (SB415286) for 30 min, treated with resveratrol (25-50 μm) for 1 h, and then incubated with IFN-γ (100 U/ml) for 18 h. The cells were fixed in 4% paraformaldehyde for 10 min, stained with mouse anti-TTS antibodies overnight at 4℃, and then stained with Alexa568-conjugated anti-mouse antibodies for 1 h at room temperature. Cell morphology and fluorescence intensity were analyzed using a Zeiss LSM510 Meta confocal laser scanning microscope. Results are representative of three independent experiments.](BMB-48-283-g002){#F002}

Resveratrol modulates DC-mediated naïve CD 8^+^ T-cell proliferation
--------------------------------------------------------------------

We performed a mixed lymphocyte reaction (MLR) assay using CD8^+^ T-cells from OT-1 TCR transgenic mice, which express a TCR specific for the MHC class I-restricted OVA peptide 257-264 antigen (OVA~257-264~) in DCs, to determine whether resveratrol-mediated TTS hyper-expression under an IFN-γ-stimulated condition affects T-cell proliferation [@B016]. Proliferation of CFSE-labeled OVA-specific CD8^+^ T-cells co-cultured with OVA~257-264~-pulsed DCs was significantly higher than that of T-cells co-cultured with unpulsed DCs ([Fig. 3](#F003){ref-type="fig"}). OVA-pulsed DC-induced naïve CD8^+^ T-cell polarization was inhibited by IFN-γ, and resveratrol restored the IFN-γ-mediated suppression of CD8^+^ T-cell proliferation ([Fig. 3](#F003){ref-type="fig"}). Furthermore, naïve CD8^+^ T-cell proliferation due to resveratrol was not restored under the GSK-3 inhibitor-treated condition ([Fig. 3](#F003){ref-type="fig"}). In addition, we obtained data consistent with previous naïve CD8^+^ T-cell proliferation data in an OVA-specific CTL assay (Supplementary Fig. S3). Thus, IFN-γ-induced activation of GSK-3β in DCs is crucial for naïve CD8^+^ T-cell proliferation.

![Resveratrol modulates DC-mediated naïve CD 8^+^ T-cell proliferation. Immature DCs, OVA-pulsed DCs, OVA-pulsed IFN-γ-treated DCs, OVA-pulsed IFN-γ + resveratrol-treated DCs, or OVA-pulsed IFN-γ + resveratrol + GSK-3 inhibitor-treated DCs were cultured with CFSE-labeled splenocytes from OT-1 T-cell receptor transgenic mice (1 × 10^6^ per well) for 96 h. The cells were harvested after 4 days, stained with Cy5-labeled anti-CD8 monoclonal Ab, and analyzed by flow cytometry. Histograms showing CD8^+^ T-cell proliferation as assessed by flow cytometry. Results are representative of three independent experiments.](BMB-48-283-g003){#F003}

Administering resveratrol suppresses tumor growth by regulating TTS expression in E.G7 thymoma tumors
-----------------------------------------------------------------------------------------------------

Resveratrol modulates the TTS immunoregulatory protein; thus, we investigated the anti-tumor activity of resveratrol *in vivo* by determining its effect on regulation of TTS. In a previous report, we found that tumor growth in resveratrol-treated mice is suppressed [@B015] and examined TTS levels. We confirmed whether retarding tumor growth by administering resveratrol was caused by enhanced TTS expression in CD4^+^ and CD8^+^ T cells using intracellular staining and fluorescence- activated cell sorting (FACS) analysis. Resveratrol increased the population of TTS-positive CD4^+^ and CD8^+^ T-cells in tumor- draining lymph nodes ([Fig. 4](#F004){ref-type="fig"}). TTS expression was significantly higher in CD8^+^ T-cells than that in CD4^+^ T-cells. These data suggest that resveratrol enhances the CD8^+^ T cell-mediated anti-tumor response by upregulating TTS in the tumor environment.

![Resveratrol increases the TTS-positive CD4^+^ and CD8^+^ T cell populations *in vivo*. C57BL/6 mice were implanted s.c. with 3 × 10^5^ E.G7 thymoma cells in 0.1 ml PBS. The mice were injected i.p. with resveratrol (50 mg/kg) every 2 days for 3 weeks, and tumor masses were obtained. Disrupted tumor cells were stained with Cy5 anti-mouse CD4, phycoerythrin (PE)-conjugated anti-CD8, and anti-mouse TTS monoclonal Abs (as primary Abs) and FITC-conjugated rabbit-anti-mouse IgG (as a secondary antibody). The cells were analyzed by flow cytometry. Results are representative of three independent experiments.](BMB-48-283-g004){#F004}

DISCUSSION
==========

Tumors induce immune tolerance by modulating the host immune system. Therefore, they evade local immune destruction, despite the systemic presence of tumor-reactive T- cells [@B002]. It is important to understand that immunoregulatory proteins contribute to the immune response to understand tumor-mediated immune tolerance. The molecular mechanisms underlying tumor-induced tolerance are poorly understood. DCs play a pivotal role initiating the immune response, as APCs present tumor antigens to T-cells. The presentation of tumor-derived antigens by host APCs is a key step by which naïve T-cells first become sensitized to tumor antigens [@B017]. IDO is expressed in various cells, including DCs, macrophages, and tumors. Enhanced IDO expression in tumor-associated APCs inhibits the T-cell response to tumor antigens by suppressing T-cell priming in tumor-draining lymph nodes [@B018].

IDO regulates the immune response by inhibiting T-cell function, depleting the essential amino acid Trp, and generating Trp catabolites [@B002]. Trp starvation caused by IDO can be prevented by TTS, a host cell-expressed enzyme, as a protective mechanism [@B005]. This enzyme ensures that Trp is directly available for protein synthesis and protects cells from IDO-induced Trp depletion by allowing them to use limited amounts of Trp during protein synthesis [@B005]. Paradoxically, several studies have emphasized the importance of downregulating TTS in several autoimmune diseases, such as rheumatoid arthritis and Graves' disease [@B019]. This is because TTS overexpression contributes to T-cell hyperactivity and results in the destruction of normal cells.

Thus, IDO and TTS play important roles in immune suppression and activation [@B005], [@B020]. However, the detailed molecular mechanisms underlying the differential expression of these enzymes in immune regulation are unknown. Thus, we investigated regulation of these immunomodulatory enzymes using resveratrol in DCs and the tumor environment. In a previous study, we revealed that resveratrol suppresses IDO transcriptional and functional activities [@B015]. In addition, resveratrol dramatically inhibits interferon regulatory factor-1 expression and IFN-γ-induced activation of the JAK/STAT1- and PKC-δ-dependent signaling pathways, which are essential for IDO expression [@B015]. A recent study showed that STAT-1 involvement is essential for modulating IDO and TTS in microglia, and that expression of either enzyme is modulated by a different mechanism [@B004]. Consistent with this result, we found that resveratrol induced differential expression of IDO and TTS via the JAK/STAT1-, PKC-δ-, and GSK-3β-dependent signaling pathways here and in a previous report [@B015]. Several *in vitro* and animal model studies have reported that resveratrol has anti-cancer properties [@B021]-[@B023]. In particular, resveratrol suppresses the development and progression of various cancers by regulating multiple pathways, including apoptosis, cell cycle arrest, and activation of transcription factors, such as nuclear factor-kappa B and activator protein-1 [@B024]. Thus, we inferred that differential regulation of IDO and TTS by resveratrol could be a crucial mechanism of immunogenicity and tumor-mediated immunological escape by cancer. Consistent with previous studies and our hypothesis, we found that resveratrol suppressed tumor growth by regulating the immune response via modulation of two distinct enzymes, such as IDO and TTS, in a GSK-3β-dependent manner in immune cells and the tumor environment.

Interestingly, the resveratrol-mediated increase in the population of TTS-positive cells was more pronounced in CD8^+^ T-cells than that in CD4^+^ T-cells in the *in vivo* tumor environment ([Fig. 4](#F004){ref-type="fig"}). Based on these data, we concluded that the resveratrol-induced anti-tumor effect occurs via TTS-mediated polarization to CD8^+^ T-cells.

Taken together, our results suggest that resveratrol regulates the DC-mediated immune response via GSK-3β-dependent-TTS expression. In addition, resveratrol enhances the T cell-mediated anti-tumor response by upregulating of TTS in the tumor environment.

MATERIALS AND METHODS
=====================

Mice
----

Eight- to ten-week-old male C57BL/6 (H-2K^b^ and I-A^b^) mice were purchased from the Korean Institute of Chemistry Technology (Daejeon, Korea). C57BL/6 OT-1 T-cell receptor transgenic mice were purchased from The Jackson Laboratory (Bar Harbor, ME, USA). The animals were housed in a specific pathogen-free environment within our animal facility and handled in accordance with the institutional guidelines for animal care.

Cells and cell culture
----------------------

The E.G7 cell line, an OVA-expressing EL4 variant, was purchased from the American Type Culture Collection (Manassas, VA, USA) and cultured in RPMI 1640 supplemented with 10% heat-inactivated fetal bovine serum (FBS), 100 U/ml penicillin, 100 μg/ml streptomycin, and 10 mM L-glutamine (all from Invitrogen, Carlsbad, CA, USA) at 37℃ in a 5% CO~2~ atmosphere.

Reagents and antibodies
-----------------------

Recombinant mouse (rm) granulocyte macrophage colony- stimulating factor (GM-CSF), rm IL-4, and rm IFN-γ were purchased from R&D Systems (Minneapolis, MN, USA). Resveratrol (＞99% purity) was obtained from Sigma-Aldrich (St. Louis, MO, USA). SB415286, a GSK-3 inhibitor, was obtained from Tocris Bioscience (Bristol, UK). Fluorescein isothiocyanate (FITC)- and phycoerythrin (PE)-conjugated monoclonal antibodies (Abs) used to detect expression of CD11c (HL3), CD4 (L3T4), and CD8 (Lyt-2) were purchased from BD Pharmingen (San Diego, CA, USA). To detect protein levels by Western blotting, anti-phosphoserine-GSK-3β (Ser9) was purchased from Cell Signaling Technology (Beverly, MA, USA). Polyclonal rabbit anti-mouse Abs against TTS and α-tubulin were purchased from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA, USA).

Generation of murine BMDCs
--------------------------

BMDCs were isolated and cultured as described previously [@B015], [@B025], [@B026]. BM was flushed from the tibiae and femurs of C57BL/6 mice and depleted of red blood cells with ammonium chloride. The cells were plated in 6-well culture plates (10^6^ cells/ml; 3ml/well) in OptiMEM (Invitrogen) supplemented with 10% heat-inactivated FBS, 2 mM L-glutamine, 100 U/ml penicillin, 100 μg/ml streptomycin, 50 μm 2-mercaptoethanol, 10 mM HEPES (pH 7.4), 20 ng/ml rm GM-CSF, and 10 ng/ml rm IL-4 at 37℃ in a 5% CO~2~ atmosphere. On culture day 3, floating cells were gently removed, and fresh medium was added. Nonadherent cells and loosely adherent proliferating DC aggregates were harvested for analysis or stimulation on culture day 6. On day 6, ≥ 80% of the nonadherent cells expressed CD11c. The DCs were labeled with a bead-conjugated anti-CD11c mAb (Miltenyi Biotec, Bergisch Gladbach, Germany) to obtain highly purified CD11c-expressing populations for subsequent analyses, which were subjected to positive selection on paramagnetic columns (LS columns; Miltenyi Biotec), according to the manufacturer's instructions. The purity of the selected cell fraction was ＞ 90%.

Western blot analysis
---------------------

Cell lysates were subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis and transferred to PVDF membranes. The membranes were blocked with 5% nonfat milk in washing buffer (50 mM Tris-HCl, pH 8.0, 150 mM NaCl, and 0.1% Tween 20) and incubated with the indicated antibodies for 1 h at room temperature. The membranes were washed and incubated for 1 h at room temperature with the appropriate secondary antibodies conjugated with horseradish peroxidase (Amersham Pharmacia Biotech, Uppsala, Sweden). Protein bands were visualized using an enhanced chemiluminescence system (Amersham Pharmacia Biotech).

IFA
---

Cells were fixed in 4% paraformaldehyde for 10 min, and incubated with the indicated antibodies. The cells were incubated with Alexa 488- and Alexa 568-conjugated secondary antibodies (Invitrogen) for 1 h at room temperature. All images were captured with a fluorescence microscope (D80i; Nikon, Tokyo, Japan). Results are representative of three independent experiments.

Mixed lymphocyte reaction
-------------------------

The MLR was performed as described previously [@B027]. Transgenic OVA-specific CD8^+^ T-cells were purified from bulk splenocytes by negative selection using a mouse CD8^+^ T-cell kit (Miltenyi Biotec). The purity of the cell population obtained was ＞93% by flow cytometry (Becton Dickinson, San Jose, CA, USA) after staining with a Cy5-conjugated anti-CD8 Ab. Briefly, the cells were resuspended in 5 μM carboxyfluorscein diacetate succinimidyl ester (CFSE) in PBS and shaken for 10 min at room temperature. Next, the cells were washed once in pure FBS and twice in PBS with 10% FBS. Immature DCs, OVA-pulsed DCs, OVA-pulsed IFN-γ-treated DCs, OVA-pulsed IFN-γ + resveratrol-treated DCs, or OVA-pulsed IFN-γ + resveratrol + GSK-3 inhibitor-treated DCs (1 × 10^5^) were subsequently co-cultured with 1 × 10^6^ allogeneic CFSE-labeled T lymphocytes in 96-well U-bottom plates. The cells were harvested after 4 days, stained with a Cy5-labeled anti-CD8 monoclonal Ab (to gate OT-1 T-cells), and assessed by flow cytometry.

Analysis of intracellular TTS expression in E.G7 thymoma tumor-bearing mice by flow cytometry *in vivo*
-------------------------------------------------------------------------------------------------------

Tumors were excised, disrupted, and the cells were harvested and washed twice with PBS containing 2% FBS and 0.1% sodium azide to detect intracellular levels of TTS in tumor-infiltrated CD4^+^ and CD8^+^ T-cells. We used the BD Cytofix/Cytoperm Kit (BD Pharmingen) for intracellular TTS staining, following the manufacturer's instructions. The intracellular TTS protein was detected with a mouse anti-TTS mAb (Santa Cruz Biotechnology) and FITC conjugated-anti-mouse IgG (Invitrogen). The cells were stained with Cy5 anti-mouse CD4 and PE-conjugated anti-CD8 for the surface molecule analysis. The stained cells were analyzed by flow cytometry.
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